A resonance-induced change in the resistivity of the surface state electrons (SSE) exposed to the microwave (MW) radiation is observed. The MW frequency corresponds to the transition energy between two lowest Rydberg energy levels. All measurements are done with the broadening of the absorption signal caused by the heating is studied experimentally, and the results are found to be in good agreement with our calculations.
Introduction
It is well known that an electron outside the liquid is attracted to helium surface by a weak image force, while it is prevented to enter the liquid by a strong repulsion due to the Pauli exclusion principle. As a result, the SSE are trapped into potential well and their motion in the direction normal to the surface is restricted to the hydrogen-like bound states with energies ǫ n = −∆/n 2 , where n ≥ 1 is an integer number and ∆ is the effective Rydberg energy. The latter is about 4 K for electrons over 3 He, and at typical experimental conditions T 1 K almost all electrons are in the ground level. In each Rydberg level, the electrons are free to move along the surface and thus form a series of two-dimensional conductive subbands. At T 0.5 K, the intra-subband relaxation times and the inter-subband transition linewidths are determined by the interaction of the electrons with helium vapor atoms, while at T 0.3 K they are limited by the interaction with ripplons because the vapor density becomes negligible. In both cases, the momentum relaxation rate of electrons differs for electrons occupying different subbands.
The inter-subband transitions of the SSE above 4 He were first directly observed by Grimes et al 1 who measured the temperature dependence of linewidth for transition between the the ground level and the first excited Rydberg level in the vapor-atom scattering regime. Recently
Collin et al 2 extended these measurements to lower temperatures to cover the ripplon scattering regime and found a good agreement with theoretical predictions. 3 In these experiments the electrons are Stark tuned in resonance with MW field by varying the vertical electric field exerted on electrons. The MW absorption due to electron transitions from the ground level to the excited levels is then detected as the variation of the power of the MW radiation passing through the cell. Recently, we performed a similar experiment 4 to directly observe the transitions to the excited states for electrons above 3 He. The temperature dependence of the transition linewidth for the first excited state was found also in agreement with the theory, 3 although the absolute value of the linewidth was somewhat higher than the theoretical estimate.
The direct detection of MW power absorption is not the only way to observe the intersubband transitions of the SSE. Several experiments showed the changes in the mobility for the electron motion parallel to the surface induced by the resonant microwave absorption.
First, Edel'man 5 observed the increase in the resonant cyclotron absorption when the SSE were exposed to MW radiation, which caused the electron transitions from the ground to the excited subbands. Later, Volodin and Edel'man 6 observed the resonant change in the electron conductivity as a result of the interaction with microwaves. Both experiments were done with electrons above 4 He and 3 He and in the temperature range 0.3−0.5 K, which corresponds to ripplon scattering and vapor-atom scattering regimes for 4 He and 3 He respectively. The authors immediately pointed out that the observed change in conductivity is most likely due to heating of electrons with absorbed MW power. They found out that in a case of 4 He the conductivity increases, which should be expected for hot electrons whose momentum relaxation time is limited by ripplon scattering. 7 In a case of 3 He however a rather complicated behaviour was observed, namely the conductivity decreased at small power of MW field, and it increased at higher power. As far as we know, no satisfactory explanation for this complicated behaviour was given yet.
Below, we describe an experiment in which the microwave-resonance-induced change in the resistivity of the SSE above liquid 3 He is investigated in the temperature range from 0.45 to 0.65 K. Contrary to the result obtained by Volodin and Edel'man, 6 we find that the conductivity decreases at the resonance for all values of the input MW power, which was varied by more than two orders of magnitude in our experiment. We explain the observed change in the resistivity by the heating of the SSE under the conditions of the MW resonance, and
propose a theory which adequately describes the heating process and its effect on the electron scattering rate. In our earlier publication, 8 we reported the first results of our resistivity measurements and illustrated the heating mechanism using a rather simple two-level model.
In this paper, we give a detailed description of the experimental procedure and the obtained results, and perform a thorough analysis of the processes of MW absorption and the heating of SSE taking a full account of the thermal population of the higher Rydberg states. In addition,
we investigate the effect of the heating on the MW absorption linewidth and make comparison of the experimental results with the predictions of our theory.
The paper is organized as follows: in Sec. 2, a brief mention of previous experimental and theoretical studies of hot electrons is given and the important notations for the electron scattering and the energy relaxation rates are introduced. In Sec. 3, we give the description of the experimental setup and the measurement procedure, and present the results of our resistivity measurements. In this section we also present our hot electron theory: describe the heating mechanism, calculate the electron temperature and the electron scattering rate as a function of microwave power, and make the comparison with the experimental results. The effect of SSE heating on the absorption linewidth is discussed in Sec. 4. In the last section, some conclusions are drown and the future plans are outlined.
Theoretical background
It has been realized that due to the high mobility and the slow energy relaxation rate the SSE can be easily heated up to the temperatures much higher than the temperature of the liquid substrate. If the electron temperature is sufficiently high to cause an appreciable thermal population of the higher excited subbands, the electrons are said to be "hot". The occupation of the higher subbands has an important consequence: since the electron scattering rate depends on the subband index, the energy and the momentum relaxation rates, which are determined by the collisions of electrons with scatterers, depend strongly on the electron temperature and on the degree of higher subband population. This property makes the electron heating to be easily observable. In addition to the experiments mentioned in the previous section, the hot electron effect was seen in the transport, 9 the plasmon resonance 10 and the cyclotron-resonance measurements. 11 Most recently, an interesting effect, at least partially attributed to the electron heating, was reported by Penning et al who observed a large change of magneto-conductivity of SSE under the cyclotron-resonance conditions. 12
The first theoretical studies of hot surface electrons were done by Crandall 13 who took into account the occupation of higher subbands but ignored inter-subband scattering, and Keeping in mind the temperature range of our experiment, in this paper we will consider only the case of the scattering by the vapor atoms. The electron motion perpendicular to the helium surface is described by the Schrodinger equation
where z > 0 is the distance from the surface, ψ n and ǫ n are the eigenfunctions and eigenvalues of the above equation corresponding to the quantum number n, m e is the electron mass
and −e(<0) is the electron charge, ε is the dielectric constant of helium, E ⊥ is the electric field applied perpendicular to the surface. Here we assume an infinitely large surface barrier potential, and the above equation should be solved with the boundary condition ψ n (0) = 0.
For further discussion, it is convenient to introduce a number of notations similar to those used in Ref. 7 . First, let us define the electron scattering rates ν mn from the subband with index m to the subband with index n, which for m ≥ n are given by
where N G (T ) is the saturated vapor density of the helium gas, A is the cross-section of helium atom, and the matrix element B mn is given by
We note that for m = n, ν mn coincides with the electron momentum relaxation rate for the corresponding intra-subband scattering. In addition, the following relation is valid for any arbitrary indexes m and n
where ǫ n is given (in units of temperature) by (1), and T e is the electron temperature.
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In order to calculate the electron temperature and to describe the electron transport properties, we need to know the expressions for the momentum and the energy relaxation rates of the SSE, which are distributed over many subbands. In the case when the distribution function is given by the Boltzmann distribution, such expressions were obtained by Saitoh and
Aoki. 7 However, in the case of the MW absorption, when the transitions between two lowest subbands are induced by the MW radiation, it is necessary to generalize their equations for arbitrary distribution function. In this case, the momentum relaxation rate ν is given by 16
where ρ n is the fractional occupancy of the subband of index n. The corresponding expression for the energy relaxation rateν is given bỹ
where M is the mass of the helium atom, B mn is given by (3), and C mn is given by
Note that both rates reduce to the corresponding rates given in Ref. 7 in the case of Boltzmann distribution ρ n ∝ exp(−ǫ n /T e ).
Resonance-induced resistivity

Experiment
The experiment was done in the same experimental cell that was used for our direct MW absorption measurements. 4 The cell is attached to the mixing chamber of the dilution refrigerator and the temperature of the mixing chamber is measured with a calibrated germanium thermometer. The cell temperature is assumed to be the same with that of the mixing chamber.
A layer of the SSE is trapped on a vapor-liquid interface placed approximately midway between two parallel metal plates separated by 3 mm. By measuring the capacitance between the plates, the liquid level can be adjusted with the accuracy of about 0.05 mm. power of the refrigerator and was usually ∼10 % of the input power P , which is measured at the output of the MW source.
The variation of the SSE resistivity is detected by a capacitive-coupling method. From the value of this current the magnitude of E was estimated to be less than 10 −3 V/cm, which should produce no significant heating of the SSE in the temperature range of this experiment. 17 The resistivity of the SSE is found from the values of the phase shift of the output signal with respect to the driving signal using fitting procedure described in detail elsewhere. 18 To observe the resonance-induced change of the resistivity, the voltage V B is varied to tune the SSE in resonance with MW radiation, and the in-phase and quadrature components of the output Corbino signal are recorded. The input MW power P is varied in a range from about 10 µW, at which the Corbino signal can be distinguished from the noise (we would like to notice that our direct absorption setup described in Ref. 4 allows much more sensitive detection of MW absorption than the method described in this section), to about 1500 µW, which is the maximum output power of our MW source.
Results
The resistivity measurements were done at temperatures from 0.65 K down to 0.45 K, i.e.
in the vapor-atom scattering regime. The experimental procedure described in previous section solution of (1) and at the typical values of E ⊥ used in our experiment can be approximated by far from the resonance with increasing P , which can be seen in Fig. 1 as the vertical shift of signals toward higher values of σ −1 , is attributed to the heating of the experimental cell by MW radiation. The increase of the cell temperature can be estimated from the measured temperature dependence of the SSE conductivity and is ∼ 10 −2 K at the highest value of P .
It is important to mention that the MW radiation entering our experimental cell is not vertically polarized, therefore there should be a component of MW electric field which drives electrons parallel to the surface. The heating of the SSE due to this field can be estimated as follows. The average power absorbed by the SSE from the driving field of amplitude E is about σE 2 . In the case of the low-frequency field, the heating is expected to become noticeable at E 10 −2 V/cm at T ≈ 0.5 K. 17 However, for such high-frequency field as ωτ ≫ 1, where τ is the electron scattering time, the conductivity of electrons is reduced by a factor of (ωτ ) 2 comparing with the dc value. For the typical scattering time of the order of 10 −9 s at T ≈ 0.5 K, this factor is more than 10 5 for MW frequency of 130 GHz. Therefore, in the temperature range of the experiment, the heating of SSE due to parallel field is estimated to be negligible even at the highest values of P .
At high MW power, the resonance line shape becomes slightly asymmetric with the left hand side being slightly steeper than the right hand side. Also, the position of the peak amplitude of the resistivity curves shifts toward the lower values of V B with increasing input
power. The absolute value of the frequency shift was found to increase with the electron density. For example, for two sets of data shown on Fig. 1 , which correspond to density values of 1.9 × 10 7 and 9.8 × 10 7 cm −2 , the shifts are estimated to be about 0.4 and 1.9 GHz respectively. Variation of the liquid level due to thermal expansion of the liquid could be one of the possible explanations of this shift. MW radiation heats up the cell and variation of the liquid level can cause the change of the magnitude of pressing field due to image charges induced in the metal plates. However, using the values of the thermal expansion coefficient of 3 He, 20 the effect is estimated to be several orders of magnitude smaller. Another exciting possibility is the shift of the resonance frequency due to Coulomb interaction between electrons. 21 For the SSE, the average distance to the surface increases with the subband index, and the energy levels of an electron shift when the neighbour electron is excited, because the distance between electrons also changes. As a result, the transition frequency of the ground state electron increases with increasing population of the excited levels. The shift is larger near the resonance than far from it, thus introducing the asymmetric into the line shape, which is indeed observed in the experiment. The absolute value of the frequency shift is expected to increase with electron density, which is in agreement with above observation. The value of this shift can be easily estimated for two isolated electrons. Using formula similar to the one in Ref. 21 , for two electrons above 3 He in zero field, and separated by 1 µm, we have frequency shift of about 0.9 GHz, which is within an order of magnitude agreement with our observation. For more realistic estimation, the interaction between many electrons has to be considered, and long-range Coulomb interaction between distant electrons might need to be taken into account. This is a rather complicated problem, therefore we postpone any further discussion of this effect until future publications.
Discussion
Hot electron theory
Let us suppose that as a result of the MW excitation a fraction ρ 2 of the SSE occupy the first excited state. First, let us assume that the SSE are in thermal equilibrium with the vapor, i.e. have the same temperature T as the vapor and liquid. Since T is much less than the energy difference between the ground and the excited levels, we can ignore the thermal population of the higher index subbands, i.e. consider only scattering of electrons within two lowest subbands. From (5), the momentum relaxation rate ν in this case is given by
where ρ 1 = 1− ρ 2 , and ν mn are given by (4). Since ν 12 ≪ ν 21 , the last term in (8) can be safely
neglected. The numerical estimate shows that the relaxation rate monotonically decreases with increasing ρ 2 . For example, at T = 0.5 K and the pressing field E ⊥ ∼ = 95 V/cm, at which ν 11 , ν 22 and ν 21 are about 2.0 × 10 9 , 1.1 × 10 9 and 0.4 × 10 9 s −1 respectively, the relaxation rate
decreases by about 3% and 12% at the populations ρ 2 of 0.1 and 0.5 respectively. Thus, if we neglect the heating of the SSE, the resistivity is expected to drop at the resonance. This is opposite to the behaviour observed in the experiment.
However, the assumption that the SSE are in thermal equilibrium with the vapor can not be justified if electrons absorb large energy from an external source. On the one hand, due to very large (order of 10 11 s −1 ) electron-electron collision rate the SSE can rapidly re-distribute the energy among themselves, thus quickly attaining an equilibrium with effective electron temperature T e . On the other hand, due to very weak coupling of the SSE to the environment, their temperature can be much higher than the temperature T of the vapor and liquid. When electrons become hot and thermally populate many subbands, the inter-subband scattering among the occupied levels contribute significantly to the scattering rate. In other words, the scattering rate of the electron increases with the density of states to which it can be scattered, and the latter increases rapidly as more and more subbands become populated. As a result, in the gas atom scattering regime the momentum relaxation rate, given by equation (5), is almost monotonically increasing function of the electron temperature T e . Thus, the significant rise of the electron resistivity observed in our experiment can be explained if we assume that the SSE become hot.The heating of the SSE can be caused by the absorbed MW power and is due to very slow energy relaxation rate. The life time of the excited electron is mainly limited by the elastic collisions with helium vapor atoms. The energy exchange between the electron and the helium atom during one collision is negligible due to large difference in masses. As a result, the electron returns to the ground state carrying large kinetic energy, which is quickly distributed between all other electrons in the ground subband. The cooling of electrons is a slow process and the temperature of electrons can rise well above that of the helium bath.
In order to find T e as a function of the MW power in the cell, we write the energy balance equation by equating the average energy absorbed by the electron from the MW field in the cell (per unit time) to the average energy lost in the collisions with helium atoms, i. e.
where ω 12 is the transition frequency, which is the function of the pressing field E ⊥ , ω is the MW frequency, γ is the temperature dependent transition linewidth, Ω is the Rabi frequency defined below, and the energy relaxation rateν is given by equation (6) . In this equation, we neglect the frequency shift observed in the experimental data and discussed at the end of Sec. 3.2.
In general case, the linewidth γ depends not only on the ambient temperature T , which determines the vapor density N G , but also on the electron temperature T e . The expression for γ, which takes into account the scattering of the SSE from two lowest subbands into higher index (n > 2) subbands, was found by Ando. 3 Using the notations adopted earlier, it can be written as
In Fig. 2 we show the plots of γ as a function of T e calculated for T =0.5 K (solid line) and T =0.6 K (dashed line). At T =0.5 K we find that γ increases from about 210 MHz at T e =0.5 K to about 520 MHz at T e =28.7 K.
The fractional occupancies ρ n are determined by the balance between the rate of the MW excitation and the scattering rates ν mn . At the stationary state, i.e. ∂ρ n /∂t=0, they can be found from the following equations
where equation (11c) is valid for all m ≥ 3. From the above equations, the occupancies ρ n can be calculated as a function of T e and the MW power. Like in Ref. 7 , in our calculations we assume that the electron temperature T e is the same for all subbands of indexes n (effective and that found by numerical solution of rate equations (11) (solid circles) at T = 0.5 K, T e = 28.7 K
and Ω = 10 GHz.
temperature approximation). The dependence on the MW power can be expressed in terms of the Rabi frequency. The latter is defined as Ω = ez 12 E RF / , where z 12 = ψ 1 |z|ψ 2 and E RF is the amplitude of the MW field in the cell, and is proportional to the root square of the MW power in the cell. In order to obtain ρ n , equations (11) were solved numerically for large number of n ≤ n max . We have checked the convergence of the result by taking n max =200 and 400, and the result for n max =400 is presented here. The thermal population of subbands with indexes n > n max was neglected. To determine the energies ǫ n and the wave functions ψ n (z) of the electron in the non-zero pressing filed, we solved the corresponding Schrodinger equation numerically for quantum numbers n ≤10. In this equation, the surface barrier potential due to liquid was taken to be infinite. For n >10 the image potential was neglected and the solutions given by Airy functions were used. The examination of the obtained solutions of equations (11) showed that at Ω 10 MHz, the fractional occupancies ρ n for n ≥ 3 deviate very little (less then 4%) from those given by the Boltzmann statistics, i.e.
where Z is the partition function. At the same time, the populations of the two lowest levels depend on the MW power and reach the saturation, i.e. ρ 2 → ρ 1 , at high values of Ω. As an example, in Fig. 3 we show the comparison between ρ n calculated from (11) and those given by (12) at some values of T e and Ω.
11/23 The electron temperature T e can be calculated as a function of the Rabi frequency Ω from equations (9) and (6) taking the sum over n ≤ n max . The plot of T e versus Ω calculated for T =0.5 K (solid line) is shown in Fig. 4 . At small values of Ω, the heating of the SSE is not significant, and the electron temperature stays close to that of the liquid. At Ω 2 MHz, the power absorbed by the SSE increases, the cooling rate is too small to keep electrons in the thermal equilibrium with the vapor, and T e rises quickly. At T e 2 K, the thermal population of the higher levels become appreciable, the cooling rate increases, and the electron temperature rises slower. At very high values of Ω, ρ 2 approaches ρ 1 as was shown above, the power absorption saturates, T e reaches maximum value of about 28.7 K and becomes almost power independent. The plot calculated for T =0.6 K (dash-dotted line) is also shown in Fig. 4 .
At this temperature the vapor density N G , which determines the scattering rates, is higher than at T =0.5 K, therefore the cooling of the SSE is more efficient. As a result, T e starts to rise at higher MW power (Ω 10 MHz), and stays less than T e calculated for T = 0.5 K.
However, at saturation it reaches almost the same maximum value (about 28.6 K) as for the T = 0.5 K. This result is not surprising and can be expected from equations (11b) and (9) if we take ω 12 = ω. At saturation, the fractional occupancies ρ n reaches some constant values for all n. In this case, it is easily seen that (ρ 1 − ρ 2 ) is proportional to the temperature dependent vapor density N G 2 (T ). Since both the linewidth γ and the energy relaxation rateν are proportional to N G , the dependence on ambient temperature T cancels out from equation (9) at T e ≫ T . Thus, it gives the same T e regardless of the value of T .
In order to see the effect of the heating on the electron resistivity, we have calculated the momentum relaxation rate ν of the SSE as a function of T e and Ω using equation (5) . The plot of ν versus Ω calculated at T =0.5 K is shown in Fig. 5 . At small Ω, that is at small MW power, when the increase of T e is negligible, the relaxation rate slightly decreases, as shown in the inset of Fig. 5 . This result is consistent with the condition considered under equation (8) , that is ν 12 ≪ ν 21 . At Ω 5 MHz, electrons start thermally populating the higher excited states, the inter-subband scattering increases and the relaxation rate quickly rises. At large values of Ω, when T e becomes power independent (see Fig. 4 ), the relaxation rate reaches constant value of about 5.5 × 10 9 s −1 . Therefore, if we neglect the small decrease (less then 0.001%) at Ω 2 MHz, the relaxation rate increases monotonically with the MW power, which qualitatively agrees with our experimental result. At T =0.6 K (plot is not shown) the relaxation rate is about 6 × 10 9 s −1 for cold electrons and reaches about 14 × 10 9 s −1 for hot electrons at saturation.
As was shown earlier, at high enough values T e the populations of the levels with n ≥ 3 are close to those given by the Boltzmann statistics. Therefore, to simplify the calculations and to save the computation time one can use (12) to calculate ρ n for all n ≥ 3, while determine 13/23 the population of the two lowest levels from one of the rate equations, e.g. (11a), and the condition that ∞ n ρ n = 1. In this case, the sums appearing in equations (9) and (5) It is also instructive to calculate T e assuming "pure" Boltzmann distribution of the SSE over the subbands, i.e. assuming that ρ n are given by (12) for all indexes n ≥ 1. This is the situation considered by Saitoh and Aoki 7 and, most recently, by Ryvkine et al. 22 For the pure Boltzmann distribution, the plot T e versus Ω is also shown in Fig. 4 (dashed line). As should be expected for Boltzmann distribution, for large Ω the occupancy of the first excited state ρ 2 approach the occupancy ρ 1 of the ground state much slower than the corresponding solutions of the rate equations (5). As a result, the MW absorption does not saturate, and T e monotonically increases with the power, which is similar to the result obtained for a different heating mechanism in Ref. vs Ω 2 indicated on the top axis (solid lines).
Comparison with experiment
In order to make a quantitative comparison between the experimental curves shown in Fig. 1 and the predictions of our model, we have calculated the variation of σ −1 with the transition frequency ω 12 at different values of the Rabi frequency, and compared the calculated curves with the experimental ones. First, we calculate the variation of T e with the frequency ω 12 at a fixed values of Ω and ω from equations (9) and (6) . Once the electron temperature is known, the corresponding variation of resistivity σ −1 (ω 12 ) and change of resistivity ∆σ −1 (ω 12 )
can be calculated using (5) and the relation σ −1 = m e ν/(n e e 2 ). As an example, in Fig. 6 we show the variation of σ −1 and T e with ω 12 − ω calculated for T =0.5 K, n e = 1.9 × 10 7 cm −2
and several values of Ω =14, 30 and 50 MHz. As expected, σ −1 monotonically increases as ω 12 approaches MW frequency ω, reaching the maximum value at the resonance. All curves plotted as a function of the input MW power P , while the calculated lines are plotted as a function of Ω 2 . Although the magnitude of the MW power inside the cell is not measured, we find it reasonable to assume that it is proportional to P . Because the proportionality coefficient
between Ω and √ P is not known, the range of the horizontal axis for the theoretical line is adjusted to give the best fit between the experimental and the calculated plots for T =0.5 K.
The vertical axis is the same for both experimental and theoretical plots. From this procedure the proportionality coefficient between Ω and √ P is found to be about 1.
Then, Ω is estimated to be about 40 MHz at the highest input power for the data shown in Fig. 1(a) . As seen in Fig. 7 , this estimate also give a reasonable agreement between the experimentally observed and theoretically calculated resistivity change at T =0.6 K. From this result we conclude that at the input power of about 1000 µW SSE are heated up to about 9 K and to about 5 K for T=0.5 and 0.6 K respectively.
Absorption line broadening
Introduction
In addition to the electrical resistivity, MW absorption-induced heating is also expected to effect the line shape of the absorption signal. The power absorption P A depends on the fractional occupancies ρ 1 and ρ 2 of two lowest subbands and in general case is given by
For cold electrons (T e ≈ T ), thermal population of higher excited subbands can be neglected.
Taking into account the occupation of only two lowest levels, i.e. ρ 1 + ρ 2 = 1, it is straightforward to show from (5) that equation (13) reduces to 2
Here
21 is the life time of an electron in the excited state. For cold electrons, γτ is temperature independent and is about 3.08 for E z = 95.33 V/cm for SSE above 3 He.
According to (14) , the absorption line shape is Lorenzian with half-width at half-maximum given by (γ 2 + γτ Ω 2 ) 1/2 . For Ω ≪ γ/(γτ ) 1/2 , the absorption increases linearly with input MW power at all values of ω 12 − ω, and the line shape is independent of input power P . In the opposite limit of large Ω, the line shape becomes power broadened, and the half-width increases proportionally to √ P . The reason for the power broadening is that at high MW excitation rates ρ 2 → ρ 1 , as illustrated in Fig. 8 where we plot the fractional occupancies as a function of Ω (solid lines) calculated for T = 0.6 K. In the limit of large Ω, (ρ 1 − ρ 2 ) become proportional to Ω −2 . As a result, the dependence on Ω cancels out from equation (13) and P A saturates. Since the absorbed power increases slower near the resonance than far from the resonance, this leads to the broadening of the line. However, the situation becomes quite different if electron heating is taken into account.
In this case, (ρ 1 − ρ 2 ) starts decreasing with Ω due to the thermal excitations of the electrons from the ground state to the excited levels long before any noticeable MW excitation takes place. This is clearly seen in Fig. 8 where we plot the fractional occupancies for hot electrons (dashed lines) calculated using the hot electron theory developed in Sec. 5.1. As a result, the absorption line is expected to broaden long before the saturation condition is reached.
This effect is illustrated in Fig. 9 where we plot absorption lines calculated for Ω=15, 19 and 30 MHz and T =0.6 K using the hot electron theory described in the previous section. The solid lines are calculated for cold electrons using (14) , while dashed lines are for hot electrons using more general expression (13) . As seen in Fig. 9 , at small values of Ω the heating is negligible, and the absorption is well described by (14) . At higher values of Ω, however, the absorption lines calculated for cold and hot electrons differ significantly in the vicinity of the resonance. The difference come from the fact that near the resonance, where the heating is most prominent, the reduction of ρ 1 and the enhancement of ρ 2 due to the thermal excitation leads to the decrease of P A (ω 12 ) in accordance with (13) . Far from the resonance, the heating is weak and P A (ω 12 ) is close to that given by (14) . This leads to the additional broadening of the absorption line. We note that at T =0.6 K, the linewidth γ calculated using Ando theory 3 is about 630 MHz (see Fig. 2 ), therefore the maximum value of Ω ∼ = 40 MHz found in the experiment is too small to cause absorption saturation.
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Experiment
In order to see the effect of heating on the absorption linewidth, we conducted an experiment in which we measured the absorption linewidth as a function of the input power. The experimental procedure for direct absorption measurements was similar to described in Ref. 
Results and discussion
To see the effect of heating on the absorption linewidth and to make comparison with theory, the experimental traces were recorded at different values of the input MW power P and the linewidth γ fit was obtained by fitting the traces to the analytical formula using γ fit as an adjustable parameter. To account for line asymmetry and to obtain better fitting in the whole temperature and input power ranges, we employed the fitting with an asymmetric Fano-like line given by 4
with A, B, ω and γ fit being fitting parameters. Here A is the amplitude of the resonance, B is a parameter which results in the asymmetry and ω is the MW frequency, which was allowed to vary to account for the frequency shift discussed in Sec. 3.2. Examples of such fitting are shown as dotted lines in Fig. 10 . At high temperatures and low values of P , the experimental traces could be fitted well with a single asymmetric line given by equation (15) . However, at high power the line shape broadened in such a way that it was no longer possible to fit it satisfactorily with a single line. In this case, the experimental data were fitted with the sum of two lines (15) sharing the same parameter γ fit . The power dependence of γ fit extracted from
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fitting of experimental traces taken at different values of T are plotted as symbols in Fig. 11 .
The conversion factor to frequency of 2.03 GHz/V was found experimentally by changing the frequency of microwaves and observing the shift of the resonance line. To compare with hot electron theory, in the same figure we plot the half-width of the power absorption curves calculated using (13) . The half-width is shown by lines and plotted as a function of Ω 2 . Like in the case of comparison between experimental and theoretical resistivity change described earlier in this paper, the horizontal axis for theoretical curves was adjusted to give the best fit between experimental results and theoretical curves. Both methods give comparable estimates
for Ω. The values of Ω for microwaves in the cell can be also estimated from the magnitude of the power absorption signal at InSb bolometer. These values are also consistent with above estimate. The absolute value of experimental linewidth turned out to be only about 30%
higher than theoretically calculated. This deviation from the theory is significantly smaller then previously reported. 4 A number of factors can account for this discrepancy. Following
Ando, 3 in previous calculations of theoretical linewidth γ we used approximate variational method to determine eigen functions of the ground and the first excited states. This gave the linewidth to be about 15% lower than obtained in the present calculations using numerical solutions of Schrodinger equation for electron eigen functions. Also, the conversion factor, which is used to express the experimental linewidth in frequency units, was previously obtained from calculations and turned out to be about 10% lower than the one that was experimentally determined and used in the present work. The rest can be probably accounted by better fitting procedure and by improved alighnment of the experimental setup.
In general, we find rather good agreement between experimentally observed and theoretically expected behaviours. At low temperatures (T ≤ 0.5 K), the heating becomes significant even at lowest power, and linewidth rises quickly with P . At intermediate temperatures (T = 0.5 − 0.65 K), the heating is not strong at small values of P , and linewidth have weak power dependence. As the power increases, the heating becomes appreciable, and the line broadens. At high temperatures (T ≥ 0.7 K), the heating is negligible for all values of P , and the linewidth is almost power independent. The deviation between theory and experiment was observed only for data taken at T =0.5 K and P 500 µW. However, we found out that at T ≤ 0.5 K and high MW power a different phenomenon appeared. Under these conditions, the line shape became more asymmetric, and the integrated absorption line showed an offset.
In addition, at T ≤ 0. 
Conclusions
In conclusion, we observed the resonant increase in the electron resistivity upon irradiation of the SSE with resonant MW radiation. This effect is caused by the heating of SSE with the absorbed MW power and is due to the increase of the inter-subband scattering rate of the hot electrons. It is also demonstrated, both theoretically and experimentally, that the electron heating results in the broadening of the absorption line even long before the absorption saturation can be reached. Our results indicate that under the typical conditions of the MW absorption experiment, the electron heating can not be ignored, and the proper account for this effect is necessary for the adequate analysis of the experimental results.
It would be interesting to observe the resistivity change due to electron heating at low T where the momentum relaxation of the SSE is limited by the interaction with ripplons.
Unlike in a vapor-atom scattering regime, in this case the inter-subband scattering rates decrease rapidly with increasing subband index. In addition to this, at high pressing fields the intra-subband relaxation rates also decrease with increasing T e . Therefore, σ −1 is expected to decrease rapidly with T e . A new experiment to investigate this effect is currently in progress.
In addition, a model, which adequately takes into account the electron-ripplon interaction, have been developing.
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